Understanding of the formation mechanism of dioxins in the sintering bed is of importance in developing countermeasures to reduce the emission of dioxins from sintering plants. This research has clarified the behavior and the possible mechanism of dioxin formation and the relation to Cl and Cu components in the sintering bed by conducting a series of quenching tests utilizing sintering pots.
Introduction
The issue of dioxins occurring in the iron-ore sintering process was first posed within the EU. Most of the efforts implemented within the EU were focused on de-dioxin treatments of the waste gas: waste gas circulation (EOS process 1) ), gas cleaning with water (Air Fine process 2) ), lignite coke injection to the main flue 3) ; other worthwhile attempts of note feature the accretion of urea to the raw mixture. 4, 5) In Japan, corresponding to the heightened attention of the general public to the dioxin issue, the law on special measures against dioxins was enacted on July 16, 1999 . The law aims to cut-down the domestic emissions by 90 mass% of approximately 7.5 kg-TEQ/year in 1997, and has resulted in the reinforcement of regulations on the exhaust gases of the existing sinter plants to keep less than 1.0 ng-TEQ/Nm 3 . The sintering plants were relatively large domestic source of dioxins, emitting 135 g-TEQ/year in 1997.
6) The concentrations of dioxins in waste gases of the sinter plants were ranging from 0.03 to 2.7 ng-TEQ/Nm 3 . In order to comply with the regulation, Japanese universities and integrated steel makers organized a committee in 1997, launching a collaborative research project (SDD project). The purpose of this project was to clarify the mechanism of dioxin formation during the sintering process and proposing techniques to suppress its formation in the bed. The major activities of the project consisted of plant observations, sintering pot tests, quenching pot tests and basic researches, in the chronological sequence.
Plant observations 7) confirmed that dioxin concentration at wind-box increases with increase in wind-box temperature, and that an increase of Cl concentration of raw mixture leads to larger emissions. The sintering pot tests 8) have showed the importance of Cl 9, 10) and Cu 11) contents in the raw mixture and the coke properties. 12) They have also ensured that the suppression effects of nitrogen-bearing inhibitors 13) on dioxin formation. Although such results seem to be important from the practical point of view, the details of the mechanism on dioxin formation/decomposition and transformation in the sintering bed were remained unknown. Quenching pot tests employed in the present study were designed to cope with such subjects to be resolved, namely the transform/trap behavior of dioxins and related elements.
Experimental

Raw Mixture and Sintering Pot
For the experiments, four iron ores typically used in the Japanese steel works, serpentine, limestone, coke breeze, return fines and additives (Table 1) were used except one series of experiment, which was conducted to examine the influence of the use of Ore C containing a higher Cu content. The type and quantity of additives were varied according to the purpose of experiment. As the base condition of the experiment, 200 mg/kg NaCl was added to a raw mixture, so as to accelerate the dioxin formation during sintering to a detective extent. The chemical composition of the sintered product aimed for 5.1 mass% as SiO 2 , 9.5 mass% as CaO, and 1.9 mass% as Al 2 O 3 .
The sintering pot was 300 mm in diameter and 600 mm in height. To quench the sintering at a specified position, a thermocouple was inserted into the bed at 400 mm from the top of the bed. Upward N 2 gas flow was applied to stop the combustion of coke and cool the bed when quenching (Fig.  1). 
Procedure of Sintering and Quenching
The raw mixture was mixed for 60 s and granulated with adding water for 180 s in a drum-type mixer of 1 m in diameter. The moisture content was set at 6.5 mass%. The granulated mixture was charged into a pot to form a bed with 560 mm in thickness. The average mass of charges weighed 66 kg. After ignition at 1 100°C for 90 s, the sintering process was conducted under a constant suction pressure of 12 kPa.
The quench technique applied in the present study was basically follows after Soma et al. 14) Quenching proceeded as follows: when the thermocouple gave the maximum bedtemperature, the main blower was stopped and simultaneously N 2 gas was introduced from the bottom of the pot. For experimental series 1 and 2, the flow rate of the N 2 gas was set at 0.3 Nm/s. It required 2 h to cool the bed. For series 3, 4 and 5, it was set at 0.05 Nm/s. In this case, a half day was needed to cool. Figure 2 shows time-concentration curves for CO and CO 2 , and a time-temperature curve of outlet gas in a preliminary quenching test. The rapid deceases of CO and CO 2 shows that the combustion of coke was quickly stopped. Bed temperature decreased at a rate of 10°C/min. This suggests a possibility that the formation/decomposition of dioxins still proceeds in the course of cooling. The details are discussed later.
The quenched positions were sometimes lower by less than 50 mm than the aimed position. However such deviations were insignificant for the distribution of dioxins and other elements since the position was based on the combustion interface (C/I).
Sampling and Determination
After cooling, the pot was turned upside-down. Then, samples of wet zone were scooped from the bottom of bed to C/I by every 10 mm thickness. When the sampling reached to C/I, burnt and partially molten particles were taken as the C/I samples. The sintered samples were also obtained by crashing the sinter cake (Fig. 3) .
Concentrations of dioxins and related elements such as Cl and Cu in the samples were determined by means of the methods listed in Table 2 . In the present study, the term of 'dioxins' means sum of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), excluding polychlorinated biphenyls (PCBs). For financial reason, pentachlorinated dibenzofurans (P 5 CDFs), good representative for dioxins, were only determined. Outlet gas composition was not analyzed since dioxin emissions have been reported to be relatively small in the early stage of sintering.
8)
Experimental Conditions
This research consisted of five series of runs ( Table 3) . Series 1 was intended to examine the distribution of dioxins in the vertical direction of bed during sintering. It was also aimed to evaluate the validity of the present method to clarify the dioxin distribution. The raw mixture used in Run No. 1 contains 300 mg/kg PVC powder as an accelerator of dioxin formation. Dioxins, Cl and moisture were successfully determined but it was difficult to obtain the stable data regarding oil content. The raw mixture of series 2 contains 330 mg/kg NaCl or 310 mg/kg CaCl 2 . Cl inputs were adjusted to the constant value as 200 mg/kg. Na, K, total carbon (TC), free carbon (FC) and combined water (CW) were determined together with P 5 CDFs. 15) TC, FC and CW are convenient indicator for temperature of the bed where it is quenched. Series 3 aimed to understand the behavior of Cu in the sintering bed. Kawaguchi et al. 11) have reported that Cu plays an important role in the dioxin emissions during the sintering process. Run No. 3-1 was a base condition, and 200 mg/kg NaCl was added on the basis of Cl. Concentration of Cu in the raw mixture was increased in Run No. 3-2 by adding CuO regent with the rate of 400 mg/kg. Only Ore C was used for Run No. 3-3 instead of four ores used for the base condition. It increased concentration of Cu in the raw mixture by 30 mg/kg.
Addition of Cl to the raw mixture were varied in series 4 from 200 to 600 mg/kg while Cu input was fixed to 385 mg/kg. CuO reagent was used as Cu source in Runs Nos. 4-1, 4-2, 4-3. They were designed to clarify the effect of Cl on the transport of Cu in the sintering bed.
Series 5 was designed to examine the effects of nitrogenbearing compounds and activated coke (AC) on the dioxin emissions. Kawaguchi et al. 11, 12) have reported that such additions give significant effect to reduce the dioxin emissions during sintering.
CuO and CuCl 2 regents were added to raw mixture as they were. NaCl and CaCl 2 were dissolved with water controlling the moisture of the raw mixture.
Results and Discussion
Distribution of Dioxins, Cl and Cu in the Vertical
Direction of Sintering Bed Figure 4 shows distributions of dioxins, Cl, Cu and moisture content in the sintering bed. The data for the Cu are obtained from Run No. 3-1 and others are from Run No. 1. The moisture content is low from C/I to the depth of 30 mm (dry zone), and it gradually increases from 30 to 100 mm (transit zone), and becomes constant value of 6 mass% (wet zone). The dioxin concentration showed a clear peak at dry zone, and decreases slightly in the transit zone. It further lowers to the similar value to the initial concentration of raw mixture. Cl and Cu also showed the peaks in the dry zone.
Such distributions lead to a following hypothesis on the dioxin formation in sintering bed: 1) Cl and Cu concentrate in the course of vaporizing in the melting zone and condensing in the dry zone. 2) Their increases promote the formation of the dioxins in the dry zone. 3) Dioxins formed in the dry zone are partly evaporated and subsequently trapped in the transit and wet zones where the temperature is rather low. Table 4 shows Cl balances for a pot before and after quenching experiment. Sum of the amounts of Cl in the sintered and transit/wet zones after the experiment was almost same as the initial Cl input to raw mixture. It suggests that most of Cl vaporized at melting zone was trapped in the lower bed. Figure 5 shows the change in peak concentration of Cl in dry zone with the amount of Cl input to raw mixture. Naturally, the increase in the Cl input enhances the peak concentration of Cl.
Behavior of Cl
Difference in removal ratio of Cl among various chlorides, i.e. PVC, NaCl, CaCl 2 , CuCl 2 , as defined in the equation shown in Table 5 , was not clear because of the large deviation (Fig. 6) . Moreover, the position of the peak and its concentration of Cl in the dry zone were almost same regardless of the type of added chloride (Fig. 7) . These results suggest that the cations of chlorides do not significantly affect the movement of Cl in the sintering bed. Figure 8 shows molar-concentration distribution of chlorides beneath C/I. NaCl and KCl were determined by chemical analysis; still surplus Cl existed there, the paired cation (X) of which remained unidentified. The possible elements for X seem to be Fe, Ca, H or hydrocarbons. Fe and Ca were the major components in the raw mixture. Moisture in the air could react to alkali chloride to produce HCl at elevated temperatures. Chlorinated hydrocarbon itself could also function as the carrier X during the vaporization/condensation process. The determination of the X remains as a further problem.
The behavior of Cl in the sintering bed are summarized as follows:
(1) Introduction of Cl into the Raw Mixture Derived from Revert Materials, Ores and Coke Breeze EP dust (dust collected from main flu gas of the sintering machine) contained a certain concentration of Cl mainly in the form of KCl, according to the XRD analysis. Oils adhering to the dust and scale were suspected to be chlorinated. Ores usually contain about 200 mg/kg of Cl on the average though the form of Cl has not identified yet. Coke also contains approximately 100 mg/kg of Cl. Kawaguchi et al. 10) reported that most of the Cl is water-soluble. 6)). HCl could be trapped to form iron or calcium chlorides (Eq. (7)).
KCl(g), NaCl(g), XCl(g)→KCl(s), NaCl(s), XCl(g) .... Transferring Cl Component toward Lower Layers During the subsequent vaporization cycles, the reactants were fixed to be KCl, NaCl and XCl. Such fixation probably allows Cl to behave in a similar manner in the bed regardless of its initial form, resulting in the same position and height for condensation peaks of Cl.
Behavior of Cu
Minor quantities of Cu vaporized during the sintering process. The removal ratio for Cu ranged from 0 to 0.43 (Table 5) .
Cu also shows a peak beneath the C/I (Fig. 9) . In the case of no Cu addition as the base condition, the increase in peak concentration was approximately 30 mg/kg (Run No. 3-1); sintering of Ore C single yielded a slightly higher peak (Run No. 3-3); a 400 mg/kg addition as CuO regent increased the peak height to approximately 50 mg/kg. It should be noted that the increase in the peak height for the Cu was much smaller than those for the Cl as shown in Fig.  5 . This seems to partially arise from the smallness of the Cu removal ratio. Figure 10 show the effect of Cl input on the vaporization/condensation behavior of Cu. Increasing Cl input accelerates the removal of Cu from sintered zone ( Fig. 10(a) ), and increases the peak concentration of Cu in the dry zone ( Fig. 10(b) ). These results suggest that Cu vaporizes in the form of Cu chlorides.
The influence of anions combined to Cu remained in vogue. Figure 10 (a) suggests no difference between CuO and CuCl 2 during the evaporation process of Cu. In contrast, CuCl 2 seems to show higher concentration peak than CuO.
The behavior of Cu in sintering bed are summarized as follows:
(1) Introduction of Cu into the Raw Mixture Derived from Scales and Ores Scales inevitably contain Cu component originated from scrap materials. Some ores contain up to twice the quantity of Cu. Kasai estimated the form of Cu contained in an ore to be a sulfide based on EPMA analysis. Cu to Lower Layers For the subsequent vaporization processes, the fixation of reactants (either CuCl 2 or CuO) occurs as well as the case for Cl, resulting in the independence of Cu behaviors in bed on its initial form.
Dioxin Formation
Changes in CW, FC and TC contents possibly estimate the temperature at the sampling position; CW begins to decompose at about 300°C; FC starts to decrease at approximately 600°C owing to combustion; decomposition of CaCO 3 decreases TC from approximately 900°C. Figure 11 illustrates the results obtained from Run No. 2. It indicates a minor decrease of CW but the FC and TC at the position 10 to 20 mm below the C/I scarcely decrease from their initial values while P 5 CDFs shows its peak. This analysis suggests that the temperature at the P 5 CDF peak position ranged from 300 to 600°C; the range includes the temperature of around 400°C at which vigorous de-novo synthesis of dioxins occurs. Figure 12 shows homologue profile for Run No. 1 together with those of outlet gas obtained in a pot test conducted under a similar conditions for Run No. 1 by Hosotani et al. 18) The profile of dioxins remaining at the peak, as shown (2) in Fig. 12 , indicates clear difference in PCDDs from that of raw mixture, (mix). It means that the dioxins existing at the peak position were newly formed during sintering process. The homologue profile of dioxins located at (8) position in Fig. 4 are closely agreed with that of the peak. It suggests that the dioxin at (8) position transferred from the peak position. The profile for the outlet gas, designated (gas) in Fig. 12 , shows similarity to those of bed samples rather than the raw mixture, implying that the dioxins newly formed in the bed dominates the dioxin emissions from the outlet gas.
17)
The above findings lead a hypothesis of dioxin formation process in the sintering bed as indicated in Fig. 13 . It is quite similar to the process described in the work by Antoine et al. Cl component, 20) where Cu may acts as a catalyst in the reaction. 4) Progress of flame front kills part of dioxins remaining at C/I, but the rest moves to be trapped in the wet zone. 5) When flame front is approaching the bottom of the bed, the wet zone disappears. Dioxins trapped in the wet zone and those newly formed beneath C/I are released into the outlet gas. It still remains uncertain whether the dioxins of outlet gas originated in the homogeneous formation across the bed and consequent accumulation in the wet zone or in the intensive formation at the bottom of the bed owing to the enriched content of Cl and Cu. This is an important question in the development of countermeasures. In the former case, inhibitors should be positioned homogeneously throughout the bed; in the latter case they need be concentrated in the lower layers of the bed. Kawaguchi et al. 13) failed to decrease dioxin emission by intensive charging of inhibitors to the lower layer, which supports the former process. In contrast, the 13C-O 8 CCD/2378-T 4 CDF spiked in raw mixture was almost decomposed during sintering, 9) which supports the latter one.
Major Factors Affecting Dioxin Formations
The discussion below is based on the peak concentrations of dioxins beneath C/I though the most concern is on their concentrations in outlet gas. We assume that the peak Table 5 . Calculated removal ratios of Cl and Cu for sintered zone. concentrations have positive correlation to those in the outlet gas.
Cooling Speed at Quenching Operation
The peak concentrations of dioxin in Run No. 2-1 and Run No. 3-1 differed by one order in spite of the use of the same additive. The only condition different between the runs was the flow rate of the N 2 gas used for the quenching operation. Apparently, the N 2 flow either decomposed the dioxin or carried it away from the site of the formation. This phenomenon made it difficult to compare directly the dioxin data beyond the series of experiments. Figure 14 shows the relationship between peak concentrations of P 5 CDFs and those of Cl in series 1, 2 and 3. Here, the influence of cooling speed is corrected within the plot by subtracting 0.3 ng/g from the P 5 CDFs value in series 1 and 2. The plot showed a positive correlation, confirming the influence of the Cl on dioxin formation.
Cl and Cu Components
Comparing Run No. 3-1 and No. 3-2 (Table 3) shows that CuO addition increased P 5 CDFs peak concentration, also confirming the influence of the Cu.
Comparing Run No. 2-1 and No. 2-2 (Table 3) shows that the variety of Cl sources exerted insignificant differences in the resulting dioxin formation. This seems to be 21) proved that the alkali vaporizes as chlorides and its vapor pressure rules the amount of vaporization. According to their findings, Cl vaporization should proceed in the sequence of: CuCl 2 ϾNaClϾCaCl 2 . The order is indirectly confirmed in measurements provided by Kawaguchi et al. 9) on dioxin concentrations in the outlet gas from the test pot with varying chlorides; the sequence indicated in the study was: KClϾNaClϾCaCl 2 . The present work, in contrast, showed no clear tendency for the influence of different chlorides on dioxin formation, probably because the difference is small owing to the above-mentioned fixation mechanism and also because the determination of Cl and dioxin contained in solids is more difficult than the contents of gases. Nevertheless, it seemed at least the effect of the chloride type is relatively small when compared to the amount of Cl input.
Coke Properties
Kawaguchi et al. 12) have tested the properties of solid fuel on dioxin concentration in outlet gas, reporting that the replacement of metallurgical coke with activated coke (AC) suppressed the emission of dioxin. In the present work, however, Cl and Cu peaks obtained from AC were almost the same as the height of the peaks produced by metallurgical coke (Fig. 15) , and P 5 CDF peak for AC (1.7 ng/g from Run 5-5) was no lower than the peak for the metallurgical coke (1.0 ng/g from Run 3-2) ( Table 3 ), meaning that AC had insignificant advantage in dioxins suppression as far as the peak concentration of dioxins beneath C/I. A common interpretation for the superficially different results is that AC has not advantage in reducing the amount of dioxins formed beneath C/I but has an ability to adsorb and decompose dioxins transferring toward lower layer in the bed.
Effects of Nitrogen-bearing Inhibitors
Inhibitors containing nitrogen, e.g. ammonia, urea, amines are capable of suppressing the dioxin formation during the sintering process. Kawaguchi et al. 11) pot-tested many types of such inhibitors successfully; Southern et al. 4) was the first to succeed in suppressing the emission of dioxin from sintering plants by adding urea to the raw mixture. Two possible mechanisms are that the inhibitors release NH 3 , which combines with Cl to reduce chlorinating potential, and that they adsorb on Cu by means of forming N-Cu complexes, thus poisoning the Cu catalysis. We compared here ammonia aqua's solution (NH 4 OH), urea and monoethanolamine (MEA). Figure 16 shows the comparison of NH 4 ϩ concentration in bed distribution among various N-containing additives. NH 4 ϩ existed in the transit and wet zones, showing no distinct difference attributable to the type of inhibitors.
The inhibitors affected peak heights of Cl; the increase of N input decreased the height of the peak; type of inhibitor indicated no difference in the peak concentration (Fig. 17) . In contrast, the inhibitors did not change the peak concentration of Cu (Fig. 17) . Figure 18 shows the effects of the inhibitors on the index of dioxin decomposition ratio (the ratio of dioxin peak concentration with inhibitor to that without inhibitor) on the basis of inhibitor usage; the solid line in the figure shows Southern's data 4) ; the broken line is obtained by multiplying the solid line by 0.1, which is arbitrary chosen so that the broken line comes close to the plots for peak concentration data. The plots showed that inhibitors obviously decrease the peak concentration of dioxins. The data for NH 4 OH and urea coincide at the same point; the datum for MEA was superior to others. The superiority of MEA derived mainly from excess N input. In summary, the inhibitors decreased the concentration of Cl and dioxins beneath C/I, but no evidences of their differences in in-bed behaviors were detected in spite of differing chemical properties. These results, therefore, lead to a conclusive function of the N-containing inhibitors; i.e. they remove Cl from the synthesis zone, though their function to Cu remains as a further problem.
Conclusion
In order to clarify the dioxin formation process in the sintering bed, and the vaporization/condensation behaviors of dioxins and related elements were investigated by means of quenching pot test. Results are summarized as follows:
(1) Cl vaporized by alkali metal and trapped in the dry zone, forming a concentration peak 0-20 mm below from the combustion interface. The peak height increased in correspondence to the increase of the Cl input but remained unchanged regardless of the type of chlorides.
(2) Cu probably vaporized in the form of chlorides and condensed in dry zone forming a peak. The peak height increased mainly in correspondence to the increase of the Cl input.
(3) Dioxins peaked in the dry zone where the temperature ranged between 300 and 600°C suitable for dioxin formation. Partly vaporized and trapped, minor quantities of dioxins concentrated in the transit and wet zones.
(4) NH 4 OH, urea and monoethanolamine decreased the peak concentration of Cl in the dry zone. Thereby, they inhibited the in-bed formation of dioxins.
(5) Activated coke (AC) scarcely differed from metallurgical coke so far as its influence on the behaviors of dioxins, Cl and Cu in the dry zone are concerned; therefore, the effect of AC in suppressing the emission of dioxin was presumed to be the result of absorption-decomposition function.
The collaborative research project (SDD project) has provided a lot of findings practically useful in controlling dioxin emission from sintering plants: the influence of various operating factors, and the effects of inhibitors. However, details of transfer phenomena and formation mechanism of dioxins and related elements remains still unknown. Further basic researches focused on the mechanism from a more basic point of view are desirable. The SDD project ended in March 2002; further activities will be continued to the next project, to be implemented under the ISIJ foundation.
